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Nonlinear optical nanoscale waveguides are a compact and powerful platform for efficient
wavelength conversion. The free-standing waveguide geometry opens a range of applications in
microscopy for local delivery of light, where in situ wavelength conversion helps to overcome
various wavelength-dependent issues, such as biological tissue damage. In this paper, we present
an original patterning method for high-precision fabrication of free-standing nanoscale
waveguides based on lithium niobate, a material with a strong second-order nonlinearity and a
broad transparency window covering the visible and mid-infrared wavelength ranges. The
fabrication process combines electron-beam lithography with ion-beam enhanced etching and
produces nanowaveguides with lengths from 5 to 50 μm, widths from 50 to 1000 nm and heights
from 50 to 500 nm, each with a precision of few nanometers. The fabricated nanowaveguides are
tested in an optical characterization experiment showing efficient second-harmonic generation.
Keywords: nanoscale waveguide, lithium niobate, second-harmonic generation, ion-beam
enhanced etching, electron-beam lithography
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1. Introduction
Photonic integration and miniaturization of optical devices
opens a pathway to a broad range of applications including
accurate sensing [1–3] or efficient signal processing [4, 5]. In
order to reduce the footprint and to increase the performance
of the respective devices by further miniaturization, the size
of their basic building blocks has to be decreased down to the
nanoscale. Nanowaveguides are suitable nanophotonic com-
ponents potentially serving this purpose. They represent one
of the essential building blocks for future photonic systems
[6–8], since they can be used for efficient light transfer
[9–11], optical switching [12] and lasing [13–15].
Despite the nanoscale size, nanowaveguides made of
non-centrosymmetric materials still support nonlinear wave-
mixing like sum-frequency [16, 17] and second-harmonic
generations (SHGs) [16, 18–21]. Moreover, nanoscale
waveguides can efficiently confine light in the form of guided
modes, preventing diffractive light spreading and enhancing
nonlinear interactions [22]. In particular, nanowaveguides can
be used as light sources, which convert an input laser signal to
a different wavelength through nonlinear wave mixing.
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Additionally, detached nanowaveguides can be manipulated
with an optical trap and can be even used for nanowire
microscopy [23] or local light delivery to excite fluorescent
material [23, 24].
Semiconductor nanowaveguides have been studied
before due to their large nonlinear coefficient [25, 26] and
relatively simple synthesis methods [27–29]. However, most
semiconductor materials only work in a limited wavelength
range since they strongly absorb visible light. In contrast,
lithium niobate (LiNbO3) possesses simultaneously a strong
quadratic optical nonlinearity [25, 26] and a broad transpar-
ency window extending into the visible and infrared wave-
length ranges. Moreover, the bio-compatibility of LiNbO3
nanoparticles allows their application for biological stu-
dies [30].
Nanostructures made of LiNbO3, especially nanowires,
are usually produced by chemical synthesis that does not
allow proper control of the dimensions and the crystal
structure of the nanowires [31–34]. An alternative approach is
the use of top-down fabrication methods. Focused-ion beam
(FIB) milling, for example, is a commonly used maskless
patterning technique with high precision. Nonetheless, it is
slow and limited to small sample areas. Moreover, the FIB
damages the crystal structure of the remaining substrate
material which affects its optical properties [35, 36]. Other
structuring technologies use lithographically patterned masks
that are transferred into the LiNbO3 substrate, for example by
reactive-ion etching or ion-beam etching. These methods use
low energy ions and cause less damage to the crystal struc-
ture. However, the shapes of the resulting patterns are very
limited due to their strongly inclined sidewalls [37–41] that
originate from the isotropic etching behavior. A more suitable
pattern transfer technique is ion-beam enhanced etching
(IBEE) [42], which was specifically developed for high aspect
ratio nanostructures in LiNbO3 [43, 44]. Basically, IBEE uses
ion-beam irradiation to damage the crystal structure of the
LiNbO3. When the resulting defect density in the LiNbO3
crystal exceeds a threshold value, the irradiated material can
be removed by wet etching with high selectivity. IBEE can be
used in combination with lithographically defined masks. The
openings in the mask define the parts of the LiNbO3 crystal to
be locally damaged by the ion-beam irradiation. Typically,
high-energy argon ions are used to broadly damage the
LiNbO3 from the surface down to a specific depth. If, in
addition to the planar patterning, a configuration is required
that comprises a membrane, helium-ion irradiations can be
used to form a well-confined damaged layer. The position and
height of this buried layer can be adjusted to connect to the
regions damaged by preceding argon-ion irradiations. In this
way, it is possible to fabricate detachable free-standing pat-
terned membranes.
We have developed a patterning technique based on
IBEE for the realization of suspended nanowaveguides that
can be easily removed off the substrate. Furthermore, we
present a comprehensive simulation of the fabrication process
and outline its capabilities to precisely design and fabricate
the cross-sectional shape of a nanowaveguide and to ensure
its optical functionality, especially efficient SHG [22]. In the
end, we demonstrate experimentally efficient generation and
waveguiding of the second-harmonic in a nanowaveguide
with a cross-section of 265×287 nm2 and a length of
30.5 μm.
2. Fabrication process of the lithium niobate
nanowaveguides
For the sample fabrication, a wafer of congruent x-cut
LiNbO3 with a thickness of 1 mm was used. To define the
shape of the nanowaveguides, a mask was prepared on the top
of the LiNbO3 surface. Firstly, layers of fused silica
(1000 nm), chromium (80 nm) and resist (300 nm, ZEP520A)
were deposited onto the substrate (figure 1(a)). Secondly, the
pattern layout was written into the resist by electron beam
lithography (figure 1(b)). The pattern consisted of gratings
with varied periods, filling factors and line lengths, where the
grating ridges of the final structure represent the suspended
nanowaveguides. The resist pattern was then transferred into
the chromium and through the chromium into the silica by
reactive ion etching. Afterwards, the remaining resist was
removed by inductively coupled plasma reactive ion etching
(figure 1(c)).
The obtained patterned layer was used to mask regions of
the substrate surface during a series of argon-ion irradiations
(figure 1(d)). The irradiation was performed at various ener-
gies: 600 keV with a fluence of 7.2·1014 cm−2 and 350, 150,
60 keV each with a fluence of 1.38·1014 cm−2. The resulting
defect distribution in the crystal was designed to obtain a
layer of homogeneously damaged material starting from the
surface down to the designed depth of 500 nm [43].
After removing the fused silica and chromium layers by
wet etching (figure 1(e)), the helium-ion irradiation with an
energy of 285 keV and a fluence of 5·1016 cm−2 was per-
formed at a temperature of 100 K (figure 1(f)). The cooling of
the sample avoided an accumulation of helium bubbles that
would otherwise result in blistering of the surface [45]. The
helium-ion irradiation formed a buried damaged layer inside
the crystal [46] with a thickness of 450 nm. The layer was
positioned below the substrate surface and connected exactly
with the damaged region created by the preceding argon-ion
irradiations [43].
After the irradiations, the substrate was thermally
annealed at 300 °C for 30 min to improve the selectivity of the
subsequent etching [47]. The wet etching in diluted hydro-
fluoric acid (3.7%) at 40 °C for 20 min eventually removed
the parts of the substrate that were sufficiently damaged by
the ion-beam irradiation, whereas the non-irradiated regions
mostly maintained their crystal structure and remained unet-
ched. As a result, grids of free-standing nanowaveguides were
obtained (figure 1(g)). Finally, the sample was thermally
annealed for 1 h at 500 °C to completely restore the crystalline
structure and the optical properties of the LiNbO3 substrate.
Scanning electron microscope (SEM) images of the resulting
suspended grating structures are shown in figure 2(a). To
allow for accessing a large range of shapes experimentally,
we fabricated nanowaveguides with the widths of
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50–1000 nm, heights of 50–500 nm and lengths of 5–50 μm
(figures 2 and 3). The irradiation conditions were chosen to
result in perpendicular sidewalls and, hence, rectangular
waveguide cross-sections. However, the final structures with
widths below 200 nm exhibited a different shape as it is
shown in a figure of a 115 nm wide nanowaveguide
(figure 2(b)). Instead of being rectangular, the cross-sectional
area is reduced in width at the bottom. Also, the height of the
waveguide is significantly smaller than the 500 nm expected
for the given helium-ion irradiation conditions. Further
inspection of the sample revealed that the heights for nano-
waveguides with widths below 200 nm were always smaller
than the expected 500 nm. To understand this behavior and
the limitations imposed by the fabrication, we simulated the
ion-beam irradiation and the subsequent etching to compute
the final shape of the waveguides.
3. Simulation of the nanowaveguide fabrication
The simulation of the ion-beam irradiation is based on SRIM
(stopping and range of ions in matter) calculations [48],
which computes the relative defect concentration in the
LiNbO3 crystal. In our simulation, we took into account the
experimental ion irradiation conditions and material para-
meters of the LiNbO3 substrate and of the lithographically
patterned mask. For the subsequent etching simulation, we
used the dependence of the etch rate on the defect con-
centration that was obtained experimentally [42]. Since
waveguides are invariant in propagation direction, we per-
formed our simulations only for two-dimensional cross-
sections of the waveguides. For all of the following simula-
tions, we keep the exact ion irradiation conditions that were
used for the fabrication and vary the widths of the irradiation
masks.
At first, we study irradiations that are performed only
with argon ions to elucidate their influence on the shape of the
nanowaveguides with widths below 200 nm. Figures 4(a)–(c)
show the calculated defect distribution in a LiNbO3 crystal
created by the argon-ion irradiations for mask widths of
120 nm, 80 nm and 60 nm, respectively. The masks protect
the underlying LiNbO3 from the ion irradiation by stopping
the ions. The unmasked areas allow the ions to penetrate and
damage the LiNbO3. Because of scattering, the defect
Figure 1. Schematic of the fabrication process: (a) lithium niobate substrate with layers of fused silica, chromium and resist; (b) electron-
beam lithography of grids composed from nanowaveguides; (c) dry etching of chromium and fused silica; (d) argon-ion irradiation; (e) mask
removal; (f) helium-ion irradiation; (g) wet etching.
Figure 2. (a) SEM image of 20 μm long self-suspended lithium
niobate (LN) nanowaveguides with different widths after the wet
etching; (b) cross-section image of a nanowaveguide prepared by
focused ion-beam milling. To preserve the edges during the milling a
layer of platinum (Pt) was deposited around the waveguide; (c) SEM
image of a typical nanowaveguide deposited on a glass substrate.
Figure 3. Helium ion microscope image of the smallest fabricated
nanoscale waveguide with 50 nm width and 40 μm total length.
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distribution spreads along the ion beam leading to an expo-
sure of regions that are situated underneath the mask. This
effect is shown in figures 4(a)–(c), where the defect dis-
tribution reaches almost perpendicularly down from the sur-
face and broadens at a certain penetration depth. For a mask
width of 120 nm (figure 4(a)), the defected regions adjacent to
the mask do not overlap. A partial overlap is obtained for a
mask width of 80 nm (figure 4(b)) and a complete overlap for
60 nm (figure 4(c)). In the case of a complete overlap, the
accumulated defect concentration is large enough to enable
wet etching. The result is a narrow nanowaveguide with a
height that is exclusively determined by the position and
width of the defect distribution induced by the argon-ion
irradiation.
In the next step, the complete fabrication process
including the helium-ion irradiations is considered. The
results are summarized in figure 5. The inset shows the
computed shapes of the waveguide cross-sections that were
obtained for different mask widths ranging from 50 nm to
1 μm. Furthermore, the aspect ratio (height/width) of the final
nanowaveguide is plotted as a function of the mask widths in
figure 5. As the plot shows, the highest aspect ratio of 3.6 was
obtained at a width of 50 nm, and it decreases as the mask
width increases. Moreover, the curve shows two different
decaying behaviors (red dashed and green dotted lines) that
switch at a width of 200 nm. This sudden change can be
explained by the fact that the height reaches 500 nm, which is
the maximum value pre-defined by the helium-ion irradiation.
Thus, at widths above 200 nm, the height is exclusively
determined by the helium-ion irradiation and does not change
for increasing widths (green dotted line). In turn, at widths
below 200 nm, the shape and, especially, the height of the
nanowaveguides are mostly affected by the argon-ion irra-
diation (red dashed line). The presented theoretical findings
agree very well with the fabricated structures. The cross-
section of the nanowaveguide presented in figure 2(b), for
example, shows good agreement with the calculated profile.
Figure 4. Spatial distribution of the normalized defect concentration induced by the argon-ion irradiations at mask widths of 120, 80, 60 nm.
Figure 5. Computed dependence of the height/width ratio on the
mask width. For widths below 200 nm, the shape and, especially, the
height of the nanowaveguides are predominantly defined by the
argon-ion irradiation (red dashed line). For widths above 200 nm, the
height is defined by the helium-ion irradiation and, therefore,
remains constant for increasing widths (green dotted line). The
aspect ratio values (blue squares) are taken from the calculated cross-
sectional areas (see inset) and fitted by two 1/x functions (red dashed
and green dotted lines) to guide the eye. Inset: simulated cross-
sectional areas of nanowaveguides with different mask widths.
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Using the simulation tool in combination with the presented
fabrication scheme, precise control of the waveguide dimen-
sions and shapes opens a possibility for the realization of
optimal structures for nonlinear optical applications, such
as SHG.
4. Optical testing of the nanowaveguides
In order to perform optical testing of a single nanowaveguide,
we detached the nanowaveguides off the wafer by immersing
the sample in ethanol and sonicating it for 7 s. A droplet of the
obtained nanowaveguides–ethanol solution was then dried
onto a silica substrate. The substrate was preliminarily coated
with a conductive transparent indium tin oxide film to allow
further inspection or manipulation with an SEM, FIB and
optical microscopy.
Previously, we have demonstrated that nanowaveguides
with dimensions of a few hundreds of nanometers are well
suited for efficient modal phase-matching of the SHG [49].
Therefore, the majority of the presented nanowaveguides
have been fabricated having dimensions in this range. On the
other hand, the smallest waveguides presented in this work
are intended to demonstrate that the fabrication of nanoscale
high-aspect ratio structures with the widths down to 50 nm
and micrometer lengths is feasible. The optical functionality
of these small structures, including waveguiding and non-
linear optical properties, can be expected to be comparable to
similar and smaller LiNbO3 structures that are produced by
chemical synthesis [32]. Detrimental effects originating from
the IBEE patterning and potentially affecting the crystal
structure and the optical properties of the small waveguides
were fully removed in the final thermal annealing step [47].
The nanowaveguide with the smallest cross-section that
was transferred onto another substrate using this method had
dimensions of 265×287 nm2 and a length of 30.5 μm
(figures 6(a) and (b)). The nonlinear optical characterization
was carried out with a setup that has been used previously for
similarly fabricated waveguides of larger size [24, 49]. The
nanowaveguide presented here showed clear evidence of the
SHG. In figure 6(c), we show an image of the guided second
harmonic observed at the output facet of the waveguide. This
guided second-harmonic signal was obtained when we
focused the pump laser with a beam spot diameter of 5 μm
onto the opposite nanowire facet. The pump laser had 760 nm
wavelength, 283 fs pulse duration, 80MHz repetition rate and
an average power of 68 mW. The power of the guided sec-
ond-harmonic signal was 62.7 fW which could be sig-
nificantly optimized by phase-matching the interacting guided
modes and by modifying the nanowaveguide facets for
improving light coupling.
5. Conclusion
The fabricated nanoscale optical waveguides show a lot of
promise due to their high nonlinearity, strong field confine-
ment and potential for modal phase-matching of various fre-
quency-conversion processes. The respective waveguides
were successfully fabricated in LiNbO3 using ion-beam
enhanced etching in combination with electron beam litho-
graphy. The waveguides have lengths ranging from 5 to
50 μm and widths from 50 to 1000 nm. The heights of the
nanowaveguides strongly depend on their widths and vary
from 50 to 500 nm. A comprehensive simulation of the ion-
beam irradiation process and the subsequent etching was
performed to interpret the experimental findings. The final
Figure 6. (a)–(b) SEM images of a nanowaveguide cross-section and of the nanowaveguide placed on another substrate. (c) Image of the
guided second-harmonic signal. The dotted line indicates the nanowire position.
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waveguide shapes showed good agreement with the simula-
tion results, therefore enabling the design of novel structures
and geometries. The precise engineering of waveguide cross-
sectional areas, to realize e.g. geometry-mediated modal
phase-matching, becomes possible through the presented
approach. In contrast to other lithography-based patterning
schemes of LiNbO3, this approach allows one to design
through the simulation tool and fabricate the sidewall shape
and steep edges of the nanowaveguides. For comparison, the
dry etching method results in strongly inclined sidewalls that
prohibit any high aspect ratio patterns [37–41]. It is further
unique to the presented approach that the resulting nanowa-
veguide structures are free-standing and can be easily
detached from the substrate. Eventually, the fabrication
scheme was used to produce LiNbO3 nanowaveguides that
have been successfully tested optically and clearly showed
efficient SHG [24]. In terms of size, free-standing geometry,
and due to the sufficiently large frequency conversion effi-
ciency, these waveguides can be understood as counterparts
to chemically synthesized nanowires [34, 50, 51]. Through
their well-defined sizes and shapes, these nanowaveguides
allow further experimental developments harnessing the rich
physics of nonlinear optics on the nanoscale for a variety of
applications.
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